Kim JH, Thompson LV. Inactivity, age, and exercise: single-muscle fiber power generation. J Appl Physiol 114: 90 -98, 2013. First published October 25, 2012 doi:10.1152/japplphysiol.00525.2012.-We examined the effects of mild therapeutic exercise during a period of inactivity on size and contractile functions of myosin heavy chain (MHC) type I (n ϭ 204) and type II (n ϭ 419) single fibers from the medial gastrocnemius in three age groups. Young adult (5-12 mo), middle-aged (24 -31 mo), and old (32-37 mo) F344BNF1 rats were assigned to one of three groups: weight-bearing control, non-weight bearing (NWB), and NWB plus exercise (NWBX). Fourteen days of hindlimb suspension were applied in NWB rats. The NWBX rats exercised on the treadmill for 15 min, four times a day, during the period of NWB. The NWBX did not improve peak power, but increased normalized power of MHC type I fibers in young adult rats. In MHC type II fibers, NWBX did not change peak power, isometric maximal force, Vmax, and fiber size from young adult and middle-aged rats. NWBX did not improve peak power and isometric maximal force and showed a dramatic decline in Vmax and normalized power in the old rats. Collectively, mild treadmill exercise during a period of inactivity does not improve peak power of MHC type I or type II fiber from the gastrocnemius in young, middle-aged, and old rats. However, NWBX is beneficial in enhancing normalized power of MHC type I fibers in young adult rats, most likely due to the stimulus intensity and the ability of the individual fibers to adapt to the stimulus. In contrast, several factors, such as impaired adaptation potential, inappropriate exercise intensity, or increased susceptibility to muscle damage, may contribute to the lack of improvement in the older rats.
MUSCLE ATROPHY AND CONTRACTILE dysfunction in skeletal muscle are known to be serious problems during periods of inactivity, such as bed rest and immobilization (9, 12) . The deleterious effects of inactivity on contractile function in skeletal muscle are more markedly elevated in the elderly compared with young individuals due to the presence of sarcopenia, which is age-related loss of muscle mass and function (3, 16) . The combined effects of inactivity and age, therefore, may result in further muscle deterioration and poor rehabilitation potential.
The extent of decline in contractile function with inactivity and age is muscle and fiber-type specific (35) . For example, periods of inactivity [i.e., spaceflight in humans and hindlimb suspension (HS) in rats] result in a significant reduction in muscle size and strength, with the greatest change observed in the soleus muscle, which is composed predominantly of myosin heavy chain (MHC) type I fibers, whereas less change is observed in the gastrocnemius muscle, a muscle composed predominantly of MHC type II fibers (35) . The greater decline in fiber size and contractile function with inactivity of the soleus muscle compared with the gastrocnemius muscle is attributed to its load-bearing role during standing and the subsequent reduced activation of the muscle with unloading (35) . In contrast, age-associated decline in fiber size and function are most prominent in MHC type II fibers, whereas MHC type I fibers are resistant to age-related atrophy until very old age (36 mo old in Fischer 344 BNF1 rats) (5, 35) . Given that inactivity and age-induced detrimental effects are muscle and fiber-type dependent, it is imperative to design therapeutic exercise treatments that improve contractile properties of both MHC type I and MHC type II fibers.
Muscle power is a key predictor of contractile performance and represents work output per unit time. The loss of muscle power is a common characteristic of aged individuals and correlates with a reduction of strength and/or contraction speed. An impairment of muscle power generation precipitates serious complications, such as fall injury, decreased gait speed, morbidity, and poor quality of life in the older population (6, 10, 23, 30) . Despite the many investigations focused on age-associated changes in power generation of whole muscle, very little is known about the combined effects of inactivity and aging on power generation in singlemuscle fibers. Because of the fiber-type-specific responses to age and inactivity, investigating power generation at the single-fiber level will provide important information requisite for developing rehabilitation exercise protocols.
Mild exercise, in the form of isometric (i.e., standing) or isotonic (i.e., walking), is suggested as one of the effective countermeasures to attenuate inactivity-and age-induced muscle deterioration. Isometric weight-bearing exercise during a period of inactivity is beneficial in improving contractile properties in MHC type I fibers in adult and old-aged rats. For example, isometric weight-bearing exercise attenuated the inactivity-induced decline in fiber size, force, and peak power generation in MHC type I soleus of adult rats (14) . Moreover, the benefits of weight-bearing exercise are reported for the MHC type I fibers in both soleus and gastrocnemius muscles of old rats (1, 31) . However, this exercise protocol (isometric contractions) is not effective in improving contractile function in MHC type II fibers from the gastrocnemius muscle of old rats (1, 31) .
In contrast to isometric weight-bearing exercises, mild treadmill therapeutic exercise (isotonic contractions) is reported to attenuate the inactivity-induced decline in power generation in MHC type I fibers from the soleus in young adult and middleaged rats (20) . The mild treadmill exercise is suggested to recruit the gastrocnemius muscle composed of a mixture of MHC type I and MHC type II fibers (3) . Specifically, during walking (i.e., mild treadmill exercise), the gastrocnemius muscle is recruited at the end of the swing phase, whereas the soleus muscle is activated in the stance phase (8) . Hence, it is reasonable to predict that this form of exercise may be effective in improving contractile function in both MHC type I and MHC type II fibers of the gastrocnemius muscle. Therefore, the primary purpose of this study was to investigate the effects of a mild therapeutic exercise during a period of inactivity on fiber size and contractile parameters (e.g., peak power, normalized power) in MHC type I and MHC type II fibers of the gastrocnemius muscle with age. We hypothesized that mild treadmill exercise would attenuate inactivity-induced decline in fiber size and function. Because sarcopenia is associated with impaired adaptive responses of muscle growth and function to exercise, we further postulated that the benefits of the therapeutic exercise would be age specific (15, 18, 27, 34) .
METHODS

Animals.
The animal protocol for this study was approved by Animal Care and Use Committee at the University of Minnesota. Male Fischer 344 Brown Norway F1 Hybrid (F344BNF1) rats were purchased from National Institute on Aging colony (Harlan, IN) and housed individually in 40 in. ϫ 40 in. ϫ 7 in. cage. Rats were divided into young adult (5-12 mo), middle-aged (24 -31 mo), and old (32-37 mo) groups. Each group was determined by average survival rates from large populations of the F344BNF1 species representing survival rates of 95, 80 -50, and Ͻ50%, respectively (40) . It has been noted that this rodent strain has a very long lifespan. All animals were housed in a temperature-controlled room (20 Ϯ 1°C) with a 12:12-h light-dark cycle. Purina Rodent Chow and tap water were provided ad libitum. Rats were acclimatized in the animal facility at least 1 wk and were randomly assigned to one of three groups: 14 days of normal weight bearing for the control group (Con; total n ϭ 21), 14 days of HS for the non-weight-bearing group (NWB; total n ϭ 14), and 14 days of HS plus mild treadmill exercise group (NWBX; total n ϭ 13).
HS for non-weight bearing. To examine the effect of inactivity on fiber size and contractile properties with age and fiber type, we used the HS model. HS is the preferred animal model to mimic the clinical condition of bed rest and inactivity (1) . Animals in the NWB and NWBX groups were hindlimb suspended for a 2-wk period. The procedure of HS was followed, as previously described (1, 43) . Briefly, the hindlimbs were elevated to a spinal orientation of 40 -45°a bove horizontal using a harness with orthopedic traction tape wrapped around the proximal two-thirds of the tail. The height of the suspension was vertically adjusted so that the hindlimbs could not contact the cage floor, while forelimbs were in contact with the floor, allowing movement and access to food and water.
Therapeutic treadmill exercise. To determine the effect of therapeutic exercise during a period of inactivity on fiber size and contractile properties with age and fiber type, we used the mild treadmill exercise protocol as described previously (20) . Briefly, the animals in NWBX group were taken down from suspension, exercised on a motor-driven treadmill four times a day, ϳ15 min each session, and subsequently resuspended during the 2 wk of HS. Each exercise protocol started in the morning (8 -10 AM) and repeated every 2 h over a period of 8 h daily. The average speed of the treadmill exercise was 342 cm/min at a 0°i ncline and was tolerated by all three different age groups.
Bundle preparation and single-fiber isolation. Following the experimental period, rats were anesthetized with an intraperitoneal injection of pentobarbital sodium (35 mg/kg body wt). Rats in the NWB group were anesthetized while still suspended to avoid risk of reloading-induced muscle injury. The gastrocnemius muscles were rapidly isolated and trimmed clean of excess fat and connective tissue. The muscles were weighed and prepared for single-muscle fiber contractile measures, as previously described (44) . Briefly, immediately after dissection, the muscle was placed in ice-cold relaxing solution composed of the following: 20 mM imidazole (pH ϭ 7.0), 7.0 mM ethylene glycol-bis(␤-aminoethyl ether)-N,N,N=,N=-tetraacetic acid (EGTA), 5.4 mM MgCl 2, 14.5 mM creatine phosphate, 4.7 mM ATP, and CaCl2 to achieve pCa 9.0. The relaxing solution included KCl to reach an ionic strength of 180 mM. The medial parts of each gastrocnemius muscle were divided into small bundles composed of ϳ50 -100 fibers under microscope. To maintain optimal length of the muscle fibers, each end of the bundles was tied with surgical suture (4 -0) to glass capillary tubes. Bundles then were stored in skinning solution containing 20 mM imidazole (pH ϭ 7.0), 125 mM potassium-propionate, 2 mM EGTA, 4 mM ATP, 1 mM MgCl 2, and 50% glycerol (vol/vol) at Ϫ20°C. At the time of the experiment, singlemuscle fibers were isolated from a fiber bundle under a dissecting microscope and transferred immediately to an experimental bath filled with relaxing solution.
Determination of fiber length and fiber diameter. The single-fiber segment (2-3 mm) was mounted between a force transducer (Cambridge Model 400A, sensitivity 2 mV/mg) and a lever controller (Cambridge Model 300H) using microtweezers. The sarcomere length was adjusted to 2.5 m by moving the microscope stage with a micrometer so that the fiber segment moved across the visual field of the eyepiece under the inverted microscope (ϫ600) (43) . Then fiber length (L o) was determined from the micrometer displacement. Fiber diameter was measured as the average width of three places along the length of the fiber segment, and the fiber cross-sectional area (CSA) was calculated from the mean width, assuming the fiber forms a circular cross section (3) .
Determination of isometric maximal force and specific tension (isometric maximal force/CSA). To determine whether single-fiber contractile function, including isometric maximal force (P o) and specific tension, is influenced by inactivity, aging, and therapeutic exercise, we performed single-muscle fiber physiology experiments. After measuring Lo and fiber diameter, the fiber was then transferred from relaxing solution (pCa ϭ 9.0) to activating solution (pCa ϭ 4.5) containing 20 mM imidazole, 7.0 mM EGTA, 5.4 mM MgCl2, 14.5 mM creatine phosphate, 4.7 mM ATP, and CaCl2. The activating solution included KCl to reach an ionic strength of 180 mM. Output information of force during activation periods was recorded on a digital storage oscilloscope (Nicolet 310) and custom software. Po (N) was determined when the force output reached a plateau. Specific tension (Po/CSA; kN/m 2 ) was calculated by the normalization of Po by CSA. Throughout the single-muscle fiber contractility tests, the temperature of relaxing and activating solutions was set at 15°C.
Determination of power and maximal shortening velocity. To determine the effect of exercise during a period of inactivity on single-muscle fiber power and maximal shortening velocity (Vmax), we used the isotonic load-clamping test, as previously described (41) . Briefly, when each fiber was fully activated in activating solution, the lever controller then rapidly stepped the fiber to three successive submaximal isotonic loads. The duration of each isotonic load step was 100 ms, and shortening velocity and force were measured over the last 30 ms in each step. After the third isotonic load step, the fiber was moved back to relaxing solution and extended to Lo. The entire procedure was repeated five to six times at different loads until each single fiber was subjected to a total of 15-18 isotonic contractions. The output data obtained from the isotonic contractions were fit with the hyperbolic Hill equation: (P ϩ a)(V ϩ b) ϭ (Po ϩ a)b, where P is the force during isotonic load clamping, V is velocity, Po is developed before the submaximal isotonic load clamps, and a and b are constants of force and velocity, respectively. Vmax was determined from the extrapolated intercept of the force-velocity relationship with the velocity axis. Only individual fibers that had r 2 Ͼ 0.98, showed no visual damage, and did not decline Ͼ20% in maximal force-generating capacity during the experimental protocol were included in the database. Absolute peak power [N·fiber length (FL)·s Ϫ1 ] was determined in terms of the fitted force-velocity parameters (Po, Vmax, and a/Po) when the product of force and shortening velocity is maximized. Normalized power (kN·m Ϫ2 ·FL·s Ϫ1 ) was determined from the product of normalized force (force per CSA; kN/m 2 ) and shortening velocity (FL/s).
Determination of MHC compositions. Following the single-muscle fiber physiology experiments, the MHC compositions of each fiber were determined by SDS-PAGE gel electrophoresis and silver staining method, as described previously (44) . Briefly, the fiber segment was carefully removed from the experimental apparatus and solubilized in 50 l of sample buffer (24 mM EDTA, 60 mM Tris, 1% SDS, 5% ␤-mercaptoethanol, 15% glycerol, 2 mg/ml bromophenol blue, pH 6.8). The samples were heated at 95°C for 4 min and centrifuged at 8,000 rpm for 2 min. Ten microliters of sample were loaded on an SDS-PAGE electrophoresis system (Hoefer SE 600) that consisted of a 4% (wt/vol) acrylamide stacking gel and a 8% (wt/vol) separating gel. Gels were then silver-stained and scanned using molecular multiimaging system (GS-800, Bio-Rad). MHC compositions (type I, IIa, IIx, IIb) of each fiber were determined by comparing the migration of sample proteins with standard proteins from rat tibialis anterior muscle sample.
Statistical analysis. MHC type II fibers, including MHC type IIa, MHC type IIx, and hybrids (i.e., MHC type IIa/IIx, IIa/IIb, IIb/IIx, and I/IIa) from medial gastrocnemius muscle were pooled for MHC type II data analysis. MHC type IIb fibers were not included in the data analysis because there was only one fiber with this MHC isoform. MHC type I fibers contained only MHC type I isoform. The sample size of each experimental group was based on the number of individual fibers rather than the number of rats investigated (Table 1) .
To determine the effect of age (young adult, middle aged, and old) and condition (control, inactivity, and therapeutic exercise) on fiber size and contractile parameters (power, P o, Po/CSA, Vmax), we used two-way ANOVA. Because the two-way ANOVA analyses revealed no statistical interaction between age and condition for absolute power and normalized power, the following statistical analyses were performed. To determine age-induced changes by fiber type, we performed one-way ANOVA using the Con groups (young adult, middle aged, old) followed by Fisher's least significant difference post hoc test. To determine the benefits of a mild therapeutic exercise protocol by fiber type, we performed one-way ANOVA within each age group (e.g., Con young adult, NWB young adult, NWBX young adult) followed by Fisher's least significant difference post hoc test.
All statistical analyses from SPSS software program (version 18.0) were expressed as means Ϯ SE, and significance was set at Ͻ0.05. Statistical analyses, as noted above, were also performed by MHC type IIa, MHC type IIx, and MHC hybrid (data not shown).
RESULTS
To determine the impact of a mild treadmill exercise as a therapeutic intervention during a 2-wk period of inactivity or non-weight bearing (hindlimb-suspended rats), the contractile properties (absolute peak power, normalized power, P o , specific tension, and V max ) and fiber size of single MHC type I and MHC type II fibers were measured.
Absolute peak power (N·FL·s Ϫ1 ). Absolute peak power with age, inactivity, and therapeutic exercise in MHC type I and MHC type II fibers is shown in Fig. 1 . In MHC type I fibers, absolute peak power declined with age, such that a 32% (P Ͻ 0.001) and a 33% (P ϭ 0.016) reduction was observed in the old Con group compared with the young adult and middleaged Con groups, respectively (Fig. 1A) .
In the young adult group, NWB resulted in a 42% reduction in absolute peak power of MHC type I fibers (P ϭ 0.019) and remained reduced in the therapeutic treadmill exercise group, 59  55  39  41  17  32  80  61  35  Type IIa  33  20  12  26  8  20  30  13  13  Type IIx  5  10  9  1  1  -5  11  1  Hybrids  21  25  18  14  8  12  45  37  21 Fiber nos. are in parentheses. Con, control group; NWB, non-weight-bearing group; NWBX, NWB plus exercise group. Myosin heavy chain (MHC) type II fibers were divided into the MHC type IIa, IIx, IIb, and hybrid fibers. Hybrid fibers were mostly composed of MHC type IIa/IIx, IIa/IIb, IIb/IIx, and I/IIa fibers. Fig. 1 . Absolute peak power of myosin heavy chain (MHC) type I (A) and MHC type II fibers (B) from young adult (5-12 mo), middle-aged (24 -31 mo), and old (32-37 mo) rats. Con, control group; NWB, non-weight-bearing group; NWBX, NWB plus exercise group. The unit for absolute peak power is expressed in N·fiber length (FL)·s
Ϫ1
, calculated from the force-velocity relationship. Values are means Ϯ SE. #Significantly different from agematched Con group.
␣ Significantly different from young adult Con group. ␤ Significantly different from middle-aged Con group. *# ␣␤ Significance was set at P Ͻ 0.05. NWBX (27%, P ϭ 0.04). In the middle-aged group, absolute peak power was not reduced with NWB, but the therapeutic exercise resulted in a 26% decline compared with Con group (P ϭ 0.045). However, absolute peak power generation was not different between the NWB and the NWBX groups. In the old group, absolute peak power did not change with NWB, nor did it change with therapeutic treadmill exercise.
In MHC type II fibers, absolute peak power declined with age. Absolute peak power was reduced by 47% in the old Con group compared with the young adult (P Ͻ 0.001) and 38% lower in the old Con compared with the middle-aged Con group (P ϭ 0.009) (Fig. 1B) .
In the young adult group, absolute peak power of the MHC type II fibers did not change with NWB, nor did it change with mild treadmill exercise. NWB resulted in a 53% (P Ͻ 0.001) and a 33% (P ϭ 0.039) decline in absolute peak power in the middle-aged and old group, respectively. Treadmill exercise did not attenuate the NWB-induced reduction in absolute peak power in these two age groups (Fig. 1B) .
Taken together, the results suggest that this form of therapeutic exercise does not prevent nor attenuate the inactivityinduced decline in absolute peak power in MHC type II fibers.
Normalized power (kN·m Ϫ2 ·FL·s Ϫ1 ) and atrophy (diameter, M). Absolute peak power is expressed relative to the fiber's CSA under conditions that induce atrophy; this is defined as normalized power. Normalized power did not change with age in the MHC type I fibers ( Fig. 2A) . This finding is consistent with no change in fiber size (diameter) with age ( Table 2) .
In MHC type I fibers, NWB did not induce a decline in normalized power. Interestingly, normalized power was increased by 61% with therapeutic exercise compared with NWB in the young adult group (P ϭ 0.024); however, there was no difference in fiber diameter. In the middle-aged and old groups, normalized power did not change with NWB or mild treadmill exercise. The diameter of the fibers from the middle-aged rats did not change with NWB or exercise. There was 9% atrophy in the old rats that experienced inactivity (P ϭ 0.037), and this atrophy was prevented with treadmill exercise (P ϭ 0.008).
Normalized power is reduced with age in MHC type II fibers (Fig. 2B) . These age-induced changes in normalized power were similar to the age-induced single-fiber atrophy data (Table 2). Although there was no statistically significant interaction between age and conditions of inactivity and therapeutic exercise for normalized power in MHC type II fibers, there was a significant interaction present for single-fiber diameter (F ϭ 3.014, P ϭ 0.018) ( Table 2) .
In MHC type II fibers, NWB induced a 29% decline in normalized power and a 21% decrease in fiber diameter in the middle-aged rats only (P ϭ 0.024, Fig. 2B ; P Ͻ 0.001, Table 2 ). In this age group, the benefits of the mild treadmill exercise were inconclusive, because the normalized power for the animals receiving exercise was not significantly different compared with the Con group and not different compared with the NWB group. Fiber diameter remained reduced in the mild treadmill exercise group.
Importantly, the mild treadmill exercise decreased normalized power generation by 33% (P ϭ 0.05) in the old-age group, indicating that this form of therapeutic exercise was detrimental for the MHC type II fibers in these old rats. Atrophy was not present with NWB or with exercise in these old rats.
P o (peak force) and specific tension (P o /CSA). To determine possible mechanisms for alterations in absolute peak power output with age, inactivity, and therapeutic exercise, peak force (P o ) was evaluated. There was a significant interaction between age, inactivity, and therapeutic exercise for P o in MHC type I fibers (F ϭ 2.845, P ϭ 0.025) ( Table 2 ), but no interaction in the MHC type II fibers (Table 2) . Single-fiber specific tension (force generation normalized by fiber size) is summarized in Table 2 . No significant interaction between age, inactivity, and therapeutic exercise occurred for specific tension in MHC type I fibers or MHC type II fibers.
In MHC type I fibers, P o was reduced in the two older age groups (Con) compared with the young adult Con group. The middle-aged Con group showed a 29% reduction (P ϭ 0.048), and the old Con group showed a 32% reduction (P Ͻ 0.001) in P o (Table 2) . Specific tension decreased 15% with age in MHC type I fibers (old Con group compared with young adult Con group, P ϭ 0.012), indicating that atrophy may contribute, in part, to the reduced P o , but muscle intrinsic quality is diminished with age as well.
NWB resulted in a 38% decline in P o in the young adult (P ϭ 0.007) and a 28% decline in the old group (P ϭ 0.004) . Values are means Ϯ SE. #Significantly different from age-matched Con group. †Significantly different from age-matched NWB group.
␣ Significantly different from young adult Con group.
␤ Significantly different from middle-aged Con group. * ,#, †,␣,␤
Significance was set at P Ͻ 0.05.
in MHC type I fibers. There was a 17% decrease in specific tension with NWB in the old group only (P ϭ 0.028), suggesting intrinsic quality may be impaired with NWB. Interestingly, treadmill exercise showed a significant improvement in P o by 38% compared with the NWB group in the old rats only (P ϭ 0.014), suggesting a positive benefit of this form of exercise for MHC type I fibers in this particular age group. However, if peak force is normalized to the size of the fibers, the benefits of therapeutic exercise are not conclusive, because the specific tension from the MHC type I fibers from the exercising animals (NWBX) was not different from that of the Con group and not different from that of the NWB group.
In MHC type II fibers, P o decreased with age such that the old Con group showed a 29 and a 25% reduction from the adult Con (P Ͻ 0.001) and middle-aged Con group (P Ͻ 0.001), respectively ( Table 2 ). In MHC type II fibers, specific tension decreased by 14% (old Con group compared with young adult Con group, P ϭ 0.011), showing age-related changes in muscle quality.
NWB decreased P o by 16% in young adult (P ϭ 0.008) and by 40% in middle-aged group (P Ͻ 0.001). Specific tension showed a tendency to be reduced with NWB in the three age groups. Treadmill exercise did not improve P o in these two age groups. Interestingly, the MHC type II fibers showed a reduction in P o in the mild therapeutic exercise group (NWBX experimental condition) in the old-age group compared with the Con group (P ϭ 0.05), suggesting this form of exercise may be detrimental for force generation of MHC type II fibers in the old rats. Consistent with P o , therapeutic exercise did not change the specific tension in young adult and middle-aged rats, whereas the therapeutic exercise further reduced specific tension in the old group by 25% (P ϭ 0.004).
Taken together, the benefits of this therapeutic exercise protocol are not clear in the young and middle-aged rats; however, the exercise appears to have a negative impact for the contractile parameter of specific tension in the old rats.
V max . V max , another important functional parameter in single-muscle fiber contraction, was determined in terms of extrapolating hyperbolic nonlinear force-velocity data. V max is a function of the force-velocity characteristics, which represents the cycling rate of myosin-actin interaction (4).
In MHC type I fibers, V max did not change with age or with NWB (Fig. 3A) . However, treadmill exercise resulted in a significant decline in V max compared with Con (Ϫ43%, P Ͻ 0.001) and NWB (Ϫ42%, P ϭ 0.001) in the old rats.
In MHC type II fibers, V max was altered with age (F ϭ 8.475, P Ͻ 0.001) and condition of inactivity and therapeutic exercise (F ϭ 3.894, P ϭ 0.021) (Fig. 3B) . V max was reduced by 32% in the old Con group compared with young adult Con group (P Ͻ 0.001), showing an age-related slowing of contraction speed. NWB resulted in a significant reduction in V max in both the young adult (Ϫ15%, P ϭ 0.04) and middle-aged (Ϫ30%, P ϭ 0.01) groups. In contrast to the young adult and middle-aged groups, V max increased by 39% in the old group with NWB (P ϭ 0.001).
The benefits of the mild treadmill exercise in increasing V max are inconclusive because the V max of the exercising animals is not statistically different from the Con and NWB animals in the young adult and middle-aged groups. In contrast, treadmill exercise resulted in a 48% decline in V max in the old group (P Ͻ 0.001). Collectively, these data indicate that (35) Values are means Ϯ SE; nos. in parentheses represents the fiber no. Po, isometric maximal force; CSA, cross-sectional area; Po/CSA, specific tension. #Significantly different from age-matched Con group. †Significantly different from age-matched NWB group.
␣
Significantly different from young adult Con group.
␤
Significantly different from middle-aged Con group.
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Inactivity, Age, and Exercise: Single-Muscle Fiber Power • Kim JH et al. therapeutic treadmill exercise during inactivity periods deteriorates contraction speed of both MHC type I and MHC type II fibers in the old rats. a/P o . The a/P o is a mechanical constant describing the curvature of the force-velocity relationship. Our two-way ANOVA analysis indicated that there is a significant interaction between age, inactivity, and therapeutic exercise for a/P o in MHC type I fibers (F ϭ 2.645, P ϭ 0.035) and MHC type II fibers (F ϭ 3.538, P ϭ 0.007) (Fig. 4, A and B, respectively) .
In MHC type I fibers, the a/P o was not different in the two older age groups (Con) compared with the young adult (Con) group. NWB did not induce a change in a/P o (Fig. 4A) . However, treadmill exercise resulted in a significant increase in a/P o compared with Con (P ϭ 0.002) and NWB (P ϭ 0.008) in the old rats.
In MHC type II fibers, a/P o did not change with age (Con) nor with NWB (Fig. 4B) . In the old group, the a/P o was significantly higher in NWBX compared with Con (P ϭ 0.023) and NWB (P ϭ 0.006) groups. Taken together, these data indicate that treadmill exercise during inactivity periods results in less curvature of force-velocity relationship in MHC type I and type II fibers in the old rats.
DISCUSSION
The primary objective of this study was to investigate the effects of a mild therapeutic exercise during a period of inactivity on contractile parameters (e.g., peak power, normalized power) of MHC type I and MHC type II single fibers from the medial gastrocnemius muscle in young adult, middle-aged, and old rats. We hypothesized that therapeutic exercise would attenuate the detrimental changes in peak power and normalized power associated with inactivity, and the benefit of the mild treadmill exercise would be different with age. Foremost, our analyses did not report a statistical significance in the interaction between age, inactivity, and therapeutic exercise for two of the key contractile parameters determined in this study: peak power and normalized power. Therefore, our findings are discussed based on one-way ANOVA analyses, as described in METHODS.
The major findings from the present study are as follows. First, our mild treadmill exercise protocol does not improve absolute peak power of MHC type I and MHC type II fibers in Fig. 4 . The a/isometric maximal force (Po) of MHC type I (A) and MHC type II fibers (B) from young adult (5-12 mo), middle-aged (24 -31 mo), and old (32-37 mo) rats. The a/Po is an unitless constant. Values are means Ϯ SE. #Significantly different from age-matched Con group. †Significantly different from age-matched NWB group. *# †Significance was set at P Ͻ 0.05. ␣ Significantly different from young adult Con group. *# † ␣ Significance was set at P Ͻ 0.05. Inactivity, Age, and Exercise: Single-Muscle Fiber Power • Kim JH et al. adult, middle-aged, and old rats. Second, when absolute peak power is normalized to the size of the individual fibers, the mild therapeutic exercise improves in MHC type I fibers from young adult rats. However, the MHC type II single fibers from the old rats show a dramatic decline in normalized power with therapeutic exercise. Third, inactivity-induced decline in peak power generation is likely fiber-type dependent. A 2-wk period of inactivity (NWB) results in a significant decline in peak power in MHC type I fibers from young adult rats and in MHC type II fibers from middle-aged and old rats. In MHC type I fibers, the NWB-induced decline in peak power generation is primarily due to an impairment of P o . In MHC type II fibers, the detrimental effect of NWB is due to a significant decrease in both force and V max in the middle-aged rats.
The effect of mild treadmill exercise on contractile function. Exercise training is suggested as a potential countermeasure to attenuate the negative effects of inactivity. The effectiveness of exercise training on muscle functions varies, depending on the exercise prescription (frequency, intensity, duration, and exercise type). The exercise prescription recommended to inactive older individuals requires careful consideration, because the muscles are highly vulnerable to damage and show impaired adaptive potentials during a period of inactivity (13, 18, 33, 39) . Therefore, an exercise program consisting of low-intensity, moderate-duration, and increased frequency is a logical choice. Indeed, this type of exercise program is used in the practice of physical therapy.
Previously, the value of this mild treadmill exercise was assessed to prevent the inactivity-induced reduction in power output of MHC type I single fibers from the soleus muscles of young, middle-aged, and old rats (20) . The study focused on power output, because this contractile property is fundamental to our understanding of human movement (the ability of muscle to move joints). In fact, the power output of a single fiber is dictated by both the force-generating capacity of the fiber (P o , which is related to maximal isometric force) and the properties of the fiber shortening against a load (contraction speed, V max ). The results of the mild treadmill exercise program during a period of inactivity were age dependent for MHC type I fibers from the soleus muscle. In particular, for young adult rats, power output was partially restored, for the middle-aged group, the exercise fully restored the loss in power output, whereas, for the old rats, the treadmill exercise program was ineffective in attenuating or preventing inactivityinduced decline in power output. The improvement in power output in the young adult and middle-aged rats was attributed to combined increase in V max and P o . In contrast, the MHC type I fibers from the old rats receiving the therapeutic exercise showed a dramatic reduction in V max . Because force-generating capacity was impaired and contraction speed was reduced, power output in the old rats also remained reduced in MHC type I fibers from the soleus muscle. From the exercise prescription perspective, the extent or degree of effectiveness for the mild treadmill exercise is most likely related to the exercise stimulus intensity and the ability of the muscle to respond to the stimulus. Based on the fact that the MHC type I fibers from the young adult and middle-aged rats responded to the mild treadmill exercise with positive results, the exercise stimulus is likely reasonable in the soleus muscle. However, the lack of improvement in power output in the old rats suggests an age-related impaired adaptive potential or an inadequate exercise intensity stimulus in the soleus MHC type I fibers (15) .
Similar to the soleus muscle, the gastrocnemius muscle is an ankle plantar flexor. The gastrocnemius is recruited during walking (24) , and for this reason mild treadmill ambulation is a potential therapeutic exercise to prevent or attenuate a decline in power output associated with inactivity. Hence, in the present study, we examined whether the same mild-intensity, intermittent treadmill exercise was capable of maintaining power output during 14 days of inactivity in both MHC type I and MHC type II single fibers from the medial gastrocnemius in young adult (95% survival rate), middle-aged (80 -50% survival rate), and old (Ͻ50% survival rate) rats. Our comprehensive evaluation shows that our mild treadmill exercise protocol does not improve absolute peak power of MHC type II fibers in the old rats. The data analyzed by MHC fiber types also support this finding, where mild therapeutic exercise does not improve peak power generation in MHC type IIa fibers, nor in hybrid fibers (data not shown).
Because power is a product of force generation and velocity, we are able to decipher the importance of each contractile parameter. In MHC type II fibers (MHC type IIa and hybrid fibers, data not shown), force and velocity do not increase in response to the exercise protocol in the old rats. Interestingly, although absolute peak power does not change with exercise in the MHC type I fibers of the old rats, both force and velocity are responding to the exercise. Specifically, force is improving with exercise, whereas velocity is decreasing. Although the isotonic mild treadmill exercise stimulates both MHC type I and MHC type II fibers present in the gastrocnemius muscle, the fiber-type responses (increase in force generation in the MHC type I and no response in the MHC type II fibers) suggest that the exercise stimulus may not be optimal for the MHC type II fibers. Moreover, there are two lines of evidence indicating that a low-intensity exercise protocol does not improve force generation of fast-twitch muscles (i.e., gastrocnemius, plantaris) or MHC type II fibers in old rats (2, 31) .
In the young adult and middle-aged rats, peak power and force-generation deficits are not attenuated with mild treadmill exercise in both MHC type I and MHC type II fibers. The lack of attenuation is likely associated with the low exercise intensity as well. If the exercise intensity is adequate to elicit a physiological response, single-fiber force-generating capacity and single cell size increase. For instance, in studies designed to evaluate singlefiber contractile responses to a specific exercise protocol "isotonic resistance exercise (average maximal weight lift ϳ155% of body mass)" increased P o and V max in both MHC type I and MHC type IIa fibers from the gastrocnemius muscle (25) . Likewise, Widrick et al. (42) reported improvement in peak power generation in MHC type I and MHC type IIa fibers taken from the vastus lateralis muscle (young adult humans) following short-term resistance exercise (6 -12 repetitions maximum, 3 sets, 3 times/wk). Nevertheless, in the present study, force-generating capacity, V max , and cell size remained reduced in MHC type I and MHC type II fibers, supporting the idea that the exercise stimulus was not adequate.
Although, in the present study, the exercise intensity does not appear to be adequate to prevent the inactivity-induced decline in power generation, the optimal therapeutic exercise for the MHC type I and MHC type II fibers within the muscle might require combinations of resistance exercise (38) , as well as isotonic or isometric exercise (14) . MHC type II fibers Inactivity, Age, and Exercise: Single-Muscle Fiber Power • Kim JH et al. respond to a high-intensity exercise, as Trappe et al. (38) demonstrated amelioration of inactivity-induced decline in single-fiber size, P o , unloaded contraction speed, and peak power in MHC type II fibers from the vastus lateralis muscle. In contrast, Hurst and Fitts (14) reported the effectiveness of isometric exercise after a period of inactivity on peak power generation in MHC type I fibers from the soleus.
The effect of mild treadmill exercise on normalized power. Normalized power (and specific tension) represents single-muscle fiber function, because this parameter takes into account fiber size. This parameter is used as an index of intrinsic muscle quality. Previous studies suggest that muscle atrophy does not solely explain inactivity-induced decline power and force generation (1, 11, 31) . For example, prolonged bed rest (ϳ37 days) results in diminished normalized power and specific tension, and this deterioration is reported in both MHC type I and MHC type II fibers from vastus lateralis in adult humans (21, 38) . Previously, our laboratory also found a significant decline in specific tension in both MHC type I and MHC type II fibers from the gastrocnemius muscle after 1 wk of HS in the old rats (37) .
The potential cellular mechanisms responsible for the deterioration in muscle quality are a reduced number of cross bridges, including lower myosin concentration, alterations in calcium kinetics (i.e., calcium uptake and release, and calcium transient), and a decrease in force per cross bridge during the low-and strong-binding state (7, 19, 21, 28) . Our laboratory has demonstrated that about one-third of the force loss after periods of inactivity is attributed to a decreased population of myosin heads in the strong-binding (force-generating) structural state during muscle contraction (43) . Taken together, inactivity-induced deterioration in muscle quality is highly associated with structural changes in the myosin head and primarily plays a role in impaired muscle performance, including power generation.
A major finding of this study is the effect of mild therapeutic exercise on normalized power. Although absolute power is reduced in MHC type I fibers with NWB and mild treadmill exercise, normalized power improves. This finding suggests and is supported by a concomitant change in force and diameter in the type I fibers from adult rats. This strong relationship implies that the fibers have strong adaptation potential, and the quality of muscle tissue remains intact.
The MHC type II (MHC type IIa fibers and MHC hybrid fibers, data not shown) fibers from middle-aged rats and old rats show impaired adaptation potential and poor muscle quality, because changes in force generation do not follow changes in fiber size. Specifically, the MHC type II fibers from the old rats show significant declines in force with no atrophy, whereas the middle-aged rats show incongruent changes. There is evidence for single skeletal muscle fiber impaired adaptation potential following various forms of exercise in the older population (15, 27, 33, 34) . For instance, Thomas and colleagues (34) reported that 5-7 mo of treadmill running exercise did not rescue the age-induced decline in force generation or atrophy of the gastrocnemius/plantaris muscles in very old rats. Slivka et al. (33) showed that 12 wk of resistance exercise did not improve normalized power generation of MHC type IIa fibers from the vastus lateralis muscles in old (Ͼ80 yr) men. Recently, normalized power of MHC type IIa fibers did not improve following a resistance exercise program (27) .
Another possible factor besides inadequate exercise stimulus intensity or a failure of the muscle fibers to negligibly adapt to the exercise in the old population has been attributed to increased susceptibility of muscle to contraction-induced damage. Because the data from our laboratory (15) and others (32) suggest that aged muscles are susceptible to damage during inactivity periods, either too vigorous or inappropriate exercise type might increase the susceptibility to damage. If the muscle fibers are damaged, muscle function would be impaired or would not show any improvement, as reported in the present study and previous studies (13, 22, 26) .
In light of this, the lack of positive responses to the therapeutic exercise in the older rats may be due to the inadequate exercise stimulus intensity, the lack of cellular adaptation potential, or increased susceptibility to muscle damage.
The effect of inactivity on contractile function with age and fiber type. Many studies report periods of inactivity (i.e., HS, bed rest, and immobilization) result in diminished muscle contractility (17, 36, 38, 41, 43) . These inactivity-induced changes occur in both MHC type I and MHC type II single skeletal muscle fibers (17, 36) ; however, the extent of deterioration between the MHC fiber types is variable. The variable response is due to the activation patterns of the muscles (8) . Our data supports the inactivity-induced fiber-type responses. In the young adult rats, MHC type I fibers were more responsive to NWB than MHC type II fibers, with the extent of functional decrement in the MHC type I fibers ranging from 8 to 42% compared with the MHC type II fibers ranging from 1 to 16%. The MHC type II fibers show resistance to inactivity. However, there is a preponderance of data indicating that MHC type II fibers show age-associated deterioration at ages beyond the 80% survival (late middle age) in both humans and animals, whereas the MHC type I fibers are somewhat resistant to the aging process (29) . Hence, the aging of skeletal muscle, specifically the MHC type II fibers, may have an impact during the period of inactivity. Indeed, the MHC type II fibers from the older rats show a greater decline with inactivity in functional parameters compared with the type I fibers. This finding is in agreement with the result of a previous study showing that MHC type II fibers from gastrocnemius elicited a greater decrease in contractile functions from inactivity in the aged rats (31) .
Conclusions. Our data suggest that mild treadmill exercise during a period of inactivity does not prevent inactivityinduced decline in absolute peak power generation of MHC type I and MHC type II fiber from the gastrocnemius muscles in young adult, middle-aged, and old rats. However, this exercise protocol is beneficial in enhancing normalized power generation of MHC type I fibers in young adult rats, most likely due to the stimulus intensity and the ability of the individual fibers to adapt to the stimulus (force and size). In contrast, several factors, such as impaired adaptation potential, inappropriate exercise stimulus intensity, or increased susceptibility to muscle damage, may contribute to the lack of improvement in normalized power in MHC type II fibers observed in the older rats.
